Lithium-ion conductivity of Li 2.2 C 0.8 B 0.2 O 3 pellet is 2.1 © 10 ¹6 S cm ¹1 at 30°C after sintering at 450°C by spark-plasma sintering (SPS) process, which is about three times higher than the conductivity of the pellet sintered at 660°C in conventional furnace. The ionic resistance at grain boundary was especially minimalized by SPS process, which would be related to the grain-growth suppression under densification as confirmed by surficial SEM image. Improvement of chargedischarge capacity could be measured at all-solid-state lithium battery assembled by the SPS process (LiCoO 2 Li 2.2 C 0.8 B 0.2 O 3 composite electrolyte/ Li 2.2 C 0.8 B 0.2 O 3 /dry polymer/Li foil) compared with the same compositions of the battery assembled by conventional furnace sintering, which would be due to the enhancement of the ionic transfer at LiCoO 2 /Li 2.2 C 0.8 B 0.2 O 3 hetero interface as well as
Introduction
Li 3 BO 3 -based solid-state lithium-ion conductors have been recently used for assembling bulk-type all-solid-state lithium-ion battery (hereafter denoted as ASS-LIB), 1) 3) which could be applied as high-safety power sources for electric vehicles etc. In bulk-type ASS-LIB, the desirable interfaces between electrolyte particle/electrolyte particle and electrode particle/electrolyte particle should be prepared by a simple powder sintering process, which confer good contacts at the atomic scale for the fast lithium-ion transfer, and also produce little ion-blocking impurities. 4) Well-known lithium-ion conductive oxides based on the garnet, 5) perovskite 6) and NASICON-type 7) structures possess high bulk conductivities of over 10 ¹4 S cm ¹1 ; however, these oxides required sintering at high temperature beyond 1000°C for the densification, but most electrode materials such as layered or spinel oxides produce impurities after sintering at such a high temperature.
8)10) Li 3 BO 3 is one of the suitable electrolyte candidates for fabricating the good contact at the electrode/electrolyte interface since the melting point of Li 3 BO 3 is relatively low, T m (Li 3 BO 3 ) = 823°C. Actually, Ohta et al. have used the Li 3 BO 3 as an interfacial additive between LiCoO 2 electrode powder and garnet-type sintered electrolyte plate, and obtained reversible chargedischarge capacity of ASS-LIB after heating at 700°C. 1) Li 3 BO 3 Li 2 SO 4 glasses and glass-ceramics were also attractive electrolytes for assembling ASS-LIB due to their high formability of electrode/electrolyte interfaces at room temperature.
2) Among these Li 3 BO 3 -based electrolyte, we concentrated to Li 2 CO 3 Li 3 BO 3 11), 12) for assembling battery because i) a well-defined interface between LiCoO 2 and Li 2.2 C 0. 8 3) and ii) this electrolyte could form solid-solution with ionic-insulative Li 2 CO 3 , which is often covered on the surface of conventional electrode and/or electrolyte particles in air. 13 ), 14) The bulk-type ASS-LIB has been actually assembled with this Li 2.2 C 0.8 B 0.2 O 3 , and has been confirmed reversible capacity of LiCoO 2 .
3) Reported operating temperature has been, however, relatively high, T = 120°C, since the conductivity of Li 2.2 C 0.8 B 0.2 O 3 was poor after sintered in conventional furnace, · total = 6.5 © 10 ¹7 S cm ¹1 at 30°C. 3) For the enhancement of the conductivity for Li 2.2 C 0.8 B 0.2 O 3 , some approaches for sintering powder have been proposed: melt and solidification route, 15) or mechanochemical process. 16) Spark-plasma sintering (SPS) is a unique technique by applying microscopic electrical discharge between ceramic (or metal) powders under a pressure. 17) The characteristics of the SPS are not only producing dense pellet but suppressing grain growth by sintering at relatively lower temperature and in shorter periods. Therefore, this technique is very suitable for producing the engineering ceramics functioned by the physical properties at grain boundary as ferroelectric 18) and high-strength materials. 19) In this paper, we attempted to use the SPS process for the enhancement of the lithium-ion conductivity for Li 2.2 C 0.8 B 0.2 O 3 pellet, and compared chargedischarge performance of ASS-LIB assembled by the SPS process to that assembled by conventional furnace sintering (CFS) process.
Experimental
Li 2.2 C 0.8 B 0.2 O 3 was synthesized via a conventional solid-state reaction. The required amounts of starting materials were ground and heated at several times through cold-pressing into a pellet. Detailed synthesis procedure has been presented before.
3) Before preparing dense pellet, the prepared Li 2.2 C 0.8 B 0.2 O 3 was firstly put in a 80 mL ZrO 2 cap with five of 5 mm ZrO 2 disks, and was crushed by disk mill (Ito Seisakusho, MC-4A). Powder XRD patterns of the products were collected at BL19B2 (2013A1509 and 2015B1873), SPring-8, JASRI, at a wave lenghth of 0.5 ¡. The crashed powder was sandwiched with gold plates which were blocking electrodes for an AC impedance spectroscopy, and then was placed into a graphite die (10 mm in diameter). An electric current of 100150 A was applied to the die under a pressure of 30 MPa in SPS-515S (Sumitomo Coal Mining). Detailed employment of the SPS system has been represented in Ref. 18 . During SPS process, the operating temperatures reached to 400, 450 or 500°C at a rate of µ50°C/min under argon atmosphere, respectively. The powder compact was covered with carbon sheet during SPS process for ease of the separation from die after the preparation. AC impedance profile was collected with a frequency response analyzer (Solartron, 1260) over a frequency range of 1 Hz30 MHz at 30°C. The pellet was also prepared by conventional furnace sintering (CFS) for comparison, which was described in previous paper.
3) A field-emission scanning electron microscopy (FE-SEM, JEOL, JSM-5500LV) and an X-ray computed tomography [X-ray CT, BL47XU (2016A1409), SPring-8, JASRI] were used for observing the surficial and internal microstructures of sintering pellet samples.
Composite Electrochemical chargedischarge tests of ASS-LIB assembled by SPS process were performed at a constant current of 10, 32 or 64¯A cm ¹2 (1.1, 3.6 or 7.1 mA g ¹1 of LiCoO 2 ) at 60 or 80°C (Solartron, 1470E+1255B or Nagano, BST2004). The tests were also performed on a similar equipment of ASS-LIB assembled by CFS process.
3) AC impedance profiles before/after charge discharge process were also measured over a frequency range of 0.1 Hz1 MHz at 80°C. A field-emission scanning electron microscopy was used for observing the cross-section of the samples.
Results and discussion
The powder XRD patterns of Li 2.2 C 0.8 B 0.2 O 3 after crashed by disk mill, after sintered at 660°C for 2 h by CFS process, and after sintered at 450°C for 1 min by SPS process are shown in Fig. 1 . All the observed diffraction peaks of three samples could be indexed in the monoclinic phase (space group: C2/c) which was same as the crystal structure of Li 2 CO 3 , 3) and the significant changes of lattice parameters could not be confirmed among these three samples. These results mean that the crystal structure of Li 2.2 C 0.8 B 0.2 O 3 is maintained even after SPS process under a reducing atmosphere with argon gas and carbon die. The crystalline decline by disk-mill crashing made the diffraction peaks broad, and thermal treatments under CFS or SPS processes caused the increase of crystallinity again. Average diameter of Li 2.2 C 0.8 B 0.2 O 3 after crashed by disk mill was µ1¯m. The subtle difference of peak broadness could be confirmed between CFS and SPS processes, which would be related to the grain-growth suppression under the densification by SPS process. Surficial SEM images of Li 2.2 C 0.8 B 0.2 O 3 pellets prepared by the CFS and SPS processes are shown in Fig. 2 . Well-densification of Li 2.2 -C 0.8 B 0.2 O 3 powder with growing grain of 5¯m was confirmed after sintered by CFS process [ Fig. 2(a) ]. Although the beginning of neck growth at the grain boundary of Li 2.2 C 0.8 B 0.2 O 3 particles could be observed, a lot of voids were also recognized after sintered at 400°C by SPS process [ Fig. 2(b) ]. When the sintering temperature increased until 450°C at SPS process, the neck growth of Li 2.2 C 0.8 B 0.2 O 3 particles was encouraged, but the average particle size was nearly unchanged [ Fig. 2(c) ]. This result indicates that the rapid thermal treatment by applying a pressure and/or a pulse current during SPS process affects the densification of Li 2.2 C 0.8 B 0.2 O 3 powder compact decoupled from grain growth. As shown in Figs. 2(d)2(f ), internal microstructures of three sintered pellets confirmed by X-ray CT measurements were similar to the results discussed by surficial SEM images. The volume densities of the CFS and SPS (450°C) pellet estimated from the X-ray CT images were 94.5 and 99.9%, although that of the SPS (400°C) pellet was 43.7%. AC impedance measurement was performed at 30°C with gold blocking electrodes in order to discuss the effects of microstructures on ionic conductivities for Li 2.2 C 0. 8 by CFS process, and sintered at 400, 450, 500°C for 1 min by SPS process are shown in Fig. 3 . The Li 2.2 C 0.8 B 0.2 O 3 pellets showed two partially-overlapped semicircles at high and low frequencies with lower frequency spikes except for the pellet sintered at 450°C by SPS process. The semicircle at higher frequency (µ30 MHz30 kHz) corresponds to the ionic-resistance contribution from the bulk region, and that at lower frequency (µ30 kHz300 Hz) corresponds to the grain-boundary contribution. The distortion of semicircles caused by the porous distributions in sintered pellets should be also considered for understanding the Nyquist plots totally, but not be discussed deeply in this article, since the separated two contributions in the Nyquist plots represented the capacity difference between bulk and grainboundary rather than the porous structure, which was due to high volume density of sintered pellet even at CFS. The Li 2.2 C 0.8 -B 0.2 O 3 pellet sintered at 400°C by SPS process showed the distorted large semicircle at lower frequency since the grain boundary between Li 2.2 C 0.8 B 0.2 O 3 particles was not connected enough [ Fig. 3(b) ]. When the sintering temperature increased until 450°C during SPS process, the grain-boundary contribution to total ionic resistance was minimalized [ Fig. 3(c) ], and the total lithium-ion conductivity was 2.1 © 10 ¹6 S cm ¹1 at 30°C because the neck region between Li 2.2 C 0.8 B 0.2 O 3 particles was connected tightly, which is about three times higher than the conductivity of the pellet sintered at 660°C by CFS process, · total = 6.5 © 10
¹7

S cm
¹1 at 30°C. 3) On the other hand, any significant differences in bulk resistances could not be confirmed between CFS and SPS (450°C). The lower conductivity of the Li 2.2 C 0.8 B 0.2 O 3 pellet sintered at 660°C for 2 h by CFS process is attributed to the grain-boundary contribution as shown in Fig. 3(a) . However, these results seem to be very strange because the abundant grain growth, which could be confirmed after CFS process, promotes the decrease of grain boundary region inside the sintering pellet, and the grain-boundary contribution should be smaller than the case of grain-growth suppressed SPS process. It has been actually reported that the elimination of resistive grain-boundary by growing large grain is effective for the improvement of total lithiumion conductivity at lithium lanthanum titanate perovskite electrolyte. 20 Fig. 4 . A well-defined interface between LiCoO 2 (white color) and Li 2.2 C 0.8 B 0.2 O 3 (grey color) could be confirmed without any voids at the LiCoO 2 Li 2.2 C 0.8 B 0.2 O 3 composite electrolyte layer. The thickness of the total pellet and composite electrode layer were about 400 and 50¯m, respectively. As further shown in Fig. 5(c Fig. 5 (b) ]. This means that a well-defined interface between LiCoO 2 and 3) Figure 6 shows the initial electrochemical chargedischarge profiles of ASS-LIB (LiCoO 2 Li 2.2 C 0.8 B 0.2 O 3 composite electrode/Li 2.2 C 0.8 B 0.2 O 3 electrolyte/dry polymer/Li foil) assembled by CFS and SPS processes at 80°C. The reversible charge discharge capacities of the ASS-LIB assembled by CFS process at 120°C have been already reported before.
3) Even at 80°C, the ASS-LIB assembled by CFS process showed reversible capacity at a constant current of 32¯A cm ¹2 (3.6 mA g ¹1 of LiCoO 2 ), and the discharge capacity was 68 mAh g ¹1 [ Fig. 6(a) ]. A satisfied capacity could not be, however, observed when the constant current increased to 64¯A cm ¹2 (7.1 mA g ¹1 of LiCoO 2 ) due to large over potential under chargedischarge [ Fig. 6(b) ]. On the other hand, the improvement of reversible capacity at same conditions was clearly confirmed at the ASS-LIB assembled by SPS process, and the discharge capacities were 88 and 64 mAh g ¹1 at constant currents of 32 and 64¯A cm ¹2 , respectively [ Fig. 6(c) ]. Therefore, the SPS process is a superior technique for improving the electrochemical performances of the bulk-type ASS-LIB using oxide electrolyte. Figure 7 shows the Nyquist plots of the ASS-LIB at 80°C before charging (i), after charging until 4.2 V vs. Li/Li + (ii), and after discharging until 2.0 V vs. Li/Li + (iii). All of the plots showed the deformed semicircles with lower frequency tails. Although the contribution of a coil segment due to our setup for electrochemical measurement (Solartron, 1470E+1255B) makes the plots at higher frequency complicate, an impedance at 10 kHz changed less after charging or discharging at each ASS-LIB. This phenomena result that the resistance contribution of Li 2.2 C 0.8 B 0.2 O 3 electrolyte separator layer (and dry polymer) appeared at high frequency is mostly unchanged during battery cycling. More importantly, the significant enhancement of the impedance at 10 kHz could be confirmed at SPS process compared with CFS process. Thus, the improvement of lithium-ion conductivity by reducing grain-boundary resistance of Li 2.2 C 0.8 B 0.2 O 3 electrolyte after SPS process is effective to enhance the battery performance. The impedances at lower frequency (µ30 kHz0.1 Hz) would be associated with the complicated contributions of the charge transfer at LiCoO 2 /Li 2.2 C 0.8 -B 0.2 O 3 interface in the composite electrode layer and the lithiumion diffusion in LiCoO 2 bulk, but were obviously decreased after charging. This tendency is close to the voltage dependence at a modeled thin-film battery using LiCoO 2 electrode. 21) Note that the impedances mostly unchanged after charging or discharging the ASS-LIB assembled by CFS process at a constant current of 64¯A cm ¹2 since the capacity is quite low [ Fig. 7(a) layer and/or lithium dendrite formation at the interface between Li and dry polymer after the chargedischarge process. The electrochemical chargedischarge profiles of ASS-LIB assembled by SPS process were also measured at 60°C as shown in Fig. 8 . Even at 60°C, the ASS-LIB assembled by SPS process successfully showed reversible capacity at a constant current of 10 A cm ¹2 (1.1 mA g ¹1 of LiCoO 2 ), and the initial discharge capacity was 118 mAh g
¹1
. As presented in the previous article, 3) the fatigue failure of the electrode/oxide electrolyte interface caused by repetitive electrode expansion-contraction during cycling significantly affects the capacity degradation of oxide-based ASS-LIB assembled by CFS process. Although the capacity degradation to 100 mAh g ¹1 after 5 cycles could be confirmed, the cycle performance was improved by the enhancement of LiCoO 2 / Li 2.2 C 0.8 B 0.2 O 3 hetero interfacial contact by SPS process.
Conclusion
The microstructural control by SPS process was a practical way for the improvement of lithium-ion conductivity for Li 2.2 C 0.8 -B 0.2 O 3 pellet after optimizing the conditions since the grainboundary resistance between Li 2.2 C 0.8 B 0.2 O 3 particles was minimalized by applying a pressure and/or a pulse current. A welldefined interface between LiCoO 2 electrode and Li 2.2 C 0.8 B 0.2 O 3 electrolyte without any impurity could be formed after SPS process even under a reducing atmosphere. The SPS process was crucial not only to improve the contact at Li 2.2 C 0.8 B 0.2 O 3 /Li 2.2 C 0.8 -B 0.2 O 3 grain boundary but also to enhance LiCoO 2 /Li 2.2 C 0.8 -B 0.2 O 3 hetero interfacial contact. Therefore, the improvement of the performance of ASS-LIB could be performed at 80°C after SPS process rather than CFS process, and the reversibly capacity of LiCoO 2 was measured even at 60°C at a constant current of 10¯A cm ¹2 .
